The niaD gene of the fungus Aspergillus nidulans encodes an assimilatory nitrate reductase and exogenous ammonium represses its expression. Under anoxic conditions, however, A. nidulans expressed niaD even in the presence of ammonium and used the gene product for dissimilatory nitrate reduction (ammonia fermentation). This transcription regulation mechanism under anaerobiosis is critical for the fungus to ferment ammonium.
Fungi use a wide variety of nitrogen sources for their growth. When they are cultured with preferred nitrogen source such as glutamine or ammonium, they repress the production of enzymes involved in the utilization of other nitrogen sources at the transcription level (ammonium repression). 1) Such enzymes include nitrate-and nitrite-reductases, which are essential for fungi to reduce nitrate to ammonium and to assimilate nitrate. 2, 3) Fungi also reduce nitrate to ammonium by another mechanism called ammonia fermentation, which was recently found to be distributed widely among fungi. 4) Fungal ammonia fermentation is a dissimilatory metabolic mechanism that supplies energy under anoxic conditions. The mechanism of the fungi Fusarium oxysporum 4) and Aspergillus nidulans 5) reduces nitrate to ammonium and simultaneously oxidizes ethanol to acetate. In A. nidulans, acetyl-CoA synthethase is a key enzyme that forms acetate and ATP, the latter of which supports anaerobic cell growth. 5) Study of loss-offunction mutants of the niaD and niiA genes, which have been identified as nitrate-and nitrite-reductases for nitrate assimilation, respectively, has indicated that these genes are essential for reducing nitrate to ammonium by the ammonia fermentation mechanism of A. nidulans. 5) These results imply that the fungal assimilating and dissimilating reactions of nitrate are intimately associated. In contrast to the nitrate assimilation mechanism, the ammonia fermentation mechanism occurred in the presence of ammonium. 4, 5) This raises the interesting question how the fungus expresses niaD and niiA in the presence of ammonium under ammonia fermentation conditions.
We cultured A. nidulans strains in MM medium (100 mM ethanol, 10 mM NaNO 3 and/or 10 mM NH 4 Cl, 10 mM KH 2 PO 4 , 7mM KCl, 2 mM MgSO 4 , 0.2% Hutner's trace metals 6) ) at 30 C for 12 h at 120 rpm and investigated the effect of nitrogen sources on nitrateand nitrite-reductase activity in the cells. These strains were obtained from the Fungal Genetic Stock Center (FGSC), University of Kansas Medical Center, (U.S.A.). Under aerobic conditions, both enzyme activities were induced by nitrate and repressed by ammonium (Table 1) , which is in consistent with reports that they are under the control of the ammonium repression mechanism.
1,3) By contrast, the fungus cultured under the anaerobic conditions produced nitrate-and nitritereductase activity even in the presence of ammonium at levels as high as those in the culture with nitrate as nitrogen source. Loss-of-function mutants of the niaD and the niiA loci completely lost those enzyme activities (Table 1 and reference 5), indicating that the observed nitrate-and nitrite-reductase activity was dependent on the gene products of niaD and niiA respectively. These mutations repressed fungal growth under anaerobic conditions (data not shown), which is consistent with our previous claim that niaD and niiA are essential for anoxic growth. 5) These results suggest that gene expression in niaD and niiA is regulated by the aerating condition of the culture.
To confirm this, we constructed fusion gene between the gene promoter of niaD and the Escherichia coliglucuronidase (GUS) gene (uidA), 7) and analyzed promoter activity in the fungal cells. DNA fragments encoding the gene promoter of niaD and uidA were amplified by polymerase chain reaction (PCR) using sets y To whom correspondence should be addressed. Tel/Fax: +81-29-853-4937; E-mail: ntakaya@sakura.cc.tsukuba.ac.jp Abbreviations: bp, base pair(s); GUS, -glucuronidase; PCR, polymerase chain reaction of the primers 5 0 -ccgggtaccgtccagcaacggcatga-3 0 and 5 0 -gacggttgtagacatatggagagtatggg-3 0 , and 5 0 -ccatatgttacgtcctgtagaaac-3 0 and 5 0 -ggatctagatagcaattcccgagg-3 0 (restriction sites are underlined), followed by digestion with KpnI-NdeI and NdeI-XbaI respectively. We ligated the 1.2-kbp KpnI-NdeI fragment of the gene promoter of niaD, the 1.8-kbp NdeI-XbaI fragment of the uidA gene, and pSSH18 pre-treated with KpnI and XbaI to generate pGPS1. Plasmid pSSH18 was constructed by inserting the 2.2-kbp SalI fragment of the argB gene 8) into the SalI site of pUC18. The PCR conditions were 30 cycles of 94 C for 30 s, 59 C for 30 s, and 72 C for 90 s in reactions containing 1 g of A. nidulans FGSC26 total DNA. We confirmed the nucleotides by sequencing the inserted fragments. The plasmid pGPS1 was introduced into A. nidulans FGSC89 by the standard method. 9) Southern blot analysis of the total DNA of the transformants confirmed that pGPS1 was integrated at the argB locus in the host chromosome of the strain KT55 with a single crossing-over (data not shown). We cultured the strain KT55 under the same conditions as those described in Table 1 , prepared the cell extract, and measured GUS activity by the method of Jefferson et al.
10) (Fig. 1) . GUS activity was produced in the nitratedependent manner and repressed by ammonium when the fungus was cultured under aerobic conditions. Cell extracts of the parental strain showed less than 1 mol min À1 mg À1 of GUS activity. This indicates that activity of the gene promoter of niaD is induced by nitrate and repressed by ammonium, as reported.
3) By contrast, we were able to detect considerable GUS activity with all the tested nitrogen sources under anaerobic conditions (Fig. 1) . When we added ammonium to the media, GUS activity was more than 800 times higher under anaerobic than under aerobic conditions, indicating that ammonium represses the activity of the gene promoter of niaD less efficiently under anaerobic conditions. Thus, ammonium regulates expression of niaD differently according to the aerating conditions of the culture.
GUS activity under anaerobic conditions was 24% to 38% of that detected in the cells incubated aerobically using nitrate as nitrogen source (Fig. 1) . This suggests that the function of positively acting transcription factors such as the gene products of nirA and areA 1) that are required for gene expression of niaD are probably impaired under anaerobic conditions. Nevertheless, we observed no significant difference in nitrate reductase activity between the aerobic and the anaerobic cells under the inducing conditions (Table 1 ). This Table 1 . Effect of Nitrogen Sources on Nitrate-and Nitrite-reductase Activities of A. nidulans under the Culture Conditions Mycelia were cultured in MM medium under aerobic conditions, collected by centrifugation, and transferred to a 500-ml Erlenmeyer flask containing 300 ml of MM medium with the indicated nitrogen source (10 mM each). The head space in the flask was replaced with argon gas and the flasks were sealed with butyl rubber stoppers to induce anaerobic ammonia fermentation. Aerobic conditions were maintained by agitating 100 ml of medium in flasks sealed with cotton plugs but without replacing the head space air. Cell free extracts were prepared as described. 5) Enzyme activity was determined using NADPH as an electron donor as described. 11, 12) A. nidulans KT55 was cultured as described in the legend of Table 1 and GUS activity in the cell extract was measured. Data are mean values of three experiments. The nitrogen source of the culture was 10 mM sodium nitrate (N), 10 mM sodium nitrate plus 10 mM ammonium chloride (N + A), and 10 mM ammonium chloride (A). phenomenon might be explained by a post-transcriptional and/or post-translational activating mechanism of the gene expression of niaD, but further investigations is in order.
Under standard experimental conditions, the fungi ferment as much as 10 mM ammonium in a few days, 4, 5) which might be enough to repress expression of the niaD gene under aerobic conditions. Therefore, the anoxic expression mechanism of niaD in the presence of ammonium is physiologically significant for the fungus to produce nitrate reductase, which is critical for the fungus to ferment ammonium. Whether a similar mechanism regulates gene expression in niiA is an important question for future study. Our results also imply that we should consider the effect of oxygen when studying the regulation mechanisms of gene expression by nitrogenous compounds. 2, 3) 
